Aims/hypothesis Limited studies have compared the effect of prenatal or postnatal exposure to different severities of famine on the risk of developing diabetes. We aimed to measure the association between diabetes in adulthood and the exposure to different degrees of famine early in life (during the prenatal or postnatal period) during China's Great Famine (1959)(1960)(1961)(1962). Methods Data from 3967 individuals were included (a total of 2115 individuals from areas severely affected by famine, 1858 from moderately affected areas, 6 excluded due to missing data). A total of 2335 famine-exposed individuals were further divided into those exposed during the fetal stage, childhood or adolescence/young adulthood. We constructed a differencein-differences model to compare HbA 1c and fasting plasma glucose among the participants exposed to different degrees of famine intensity at different life stages. Logistic analyses were used as measures of the association between diabetes and the different levels of famine severity at different life stages. Results Individuals who had been exposed to famine during the fetal period, childhood, and adolescence/adulthood and who had lived in a severely affected area had a 0.31%, 0.20% and 0.27% higher HbA 1c , respectively, (all p < 0.01) compared with unexposed individuals. After adjusting for age, sex, smoking status, education level and waist circumference, participants exposed to severe famine during the fetal stage (OR 1.90, 95% CI 1.12, 3.21) and childhood (OR 1.44, 95% CI 1.06, 1.97) had significantly higher odds estimates. Unexposed participants living in severely and moderately affected areas had a comparable prevalence of diabetes (OR 1.22, 95% CI 0.80, 1.87). A significant interaction between famine exposure during the fetal and childhood periods and the level of severity in the area of exposure was found (p < 0.05). Conclusions/interpretation Exposure to severe famine in the fetal or childhood period may predict a higher HbA 1c and an increased diabetes risk in adulthood. These results from China indicate that both the prenatal and postnatal period may offer critical time windows for the determination of the risk of diabetes.
Introduction
Diabetes is an important cause of mortality and morbidity worldwide [1] . It has become pandemic in some developing countries. According to data from 2008, individuals in China Electronic supplementary material The online version of this article (doi:10.1007/s00125-016-4148-4) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
and India accounted for 40% of the global population with diabetes (approximately 138 million individuals) and those in the USA and Russia accounted for 10% (approximately 36 million individuals) [2] . More recent data indicate that the prevalence of diabetes in Chinese adults has increased to 11.6% [3] . The emerging pandemic is partly driven by population growth, ageing and diet and lifestyle changes, as well as by the greater longevity of individuals with diabetes [2, 4] . However, the results of our previous studies suggest that prenatal and early postnatal exposure to famine might also play an important role in the development of metabolic diseases, including diabetes [5] and fatty liver disease [6] , consistent with the results of other studies [4, [7] [8] [9] .
The developmental origins of health and disease theory hold that responsiveness to malnutrition early in life leads to metabolic and structural changes that might be useful for survival in early life but might also increase the risk of some noncommunicable diseases in later life [10] . Observations of the aftermath of famines offer a unique chance to understand the association between famine exposure early in life and the development of diabetes in adulthood. Examining data from the Ukraine famine of 1932-1933, Lumey et al found a doseresponse relationship between famine severity during prenatal development and the risk of diabetes later in life [4] . However, a postnatal exposure effect was not detected. A study of the 1944-1945 Dutch famine also indicated that self-reported undernutrition during childhood was associated with diabetes in a dose-dependent manner [8] , although self-reported information may be limited by its subjective nature and the inability of individuals to report prenatal exposure. China's Great Famine of 1959-1962 is considered to be the largest and most severe famine of the 20th century [11] , resulting in approximately 30 million excess deaths [12] . Previous studies have explored the association between famine exposure in early life and diabetes [5, 7] in the Chinese population but did not explicitly compare the effect of prenatal and postnatal exposure to different levels of famine severity on the risk of developing diabetes in adulthood.
Using the most recent data from the Survey on Prevalence in East China for Metabolic Diseases and Risk Factors (SPECT-China) from 2014 to 2015, we were able to determine whether prenatal or postnatal exposure to severe famine, compared with moderate famine, was associated with greater diabetes prevalence in adulthood, thus expanding our previous findings [5] .
Methods
Study population SPECT-China was a cross-sectional investigation of the prevalence of metabolic diseases and risk factors in East China (www.chictr.org.cn registration no. ChiCTR-ECS-14005052). A stratified cluster sampling method was used. The sampling process was stratified according to rural/urban areas and economic status in Shanghai, Jiangxi Province and Zhejiang Province. The detailed sampling process has been described in previous studies [5, 13] . This portion of the study was performed in 2014. In 2015 we studied data from the Anhui Province using the same scheme. Chinese adults aged 18 years and over who had lived at their current residence for 6 months or longer were selected and invited to participate in the study. Those with severe communication problems, acute illness or an unwillingness to participate were excluded. Anhui Province was the most severely affected area during China's Great Famine of 1959-1962, with an excess death rate of 475% [14] . Three rural sites were chosen and 2115 participants were recruited. We also selected rural sites in Shanghai and included 1858 participants in this moderately affected area, which had a death rate of 24% during the 1959-1962 famine [14] . In total, 3973 participants were selected. Finally, after excluding participants who had missing fasting plasma glucose (FPG) and HbA 1c results (n = 6), 3967 participants were included in this famine exposure study (Fig. 1) Clinical, anthropometric and laboratory measurements A questionnaire was used to collect information on participants' demographic characteristics, medical history and lifestyle risk factors. Current smoking was defined as having smoked at least 100 cigarettes in one's lifetime and currently smoking cigarettes [3] . Self-reported educational levels were categorised into low and high levels (socioeconomic status proxy). Blood pressure was measured using standard methods, described previously [3] . Waist circumference was measured at a point midway between the lowest rib and the iliac crest.
Venous blood samples were drawn after participants had fasted overnight for at least 8 h. Blood samples for measuring FPG were collected into vacuum tubes containing the anticoagulant sodium fluoride and centrifuged within 1 h of collection. Blood samples were stored at -20°C and were shipped by air within 2-4 h of collection, on dry ice, to a central laboratory certified by the College of American Pathologists. Exposure age and area categories Exposure to famine was based on the year of birth. Similar to previous studies [5, 8] As previously described, the excess death rate for each province was used to determine the famine severity [14] and was calculated as the change in mortality rate from the average level in 1956-1958 to the highest value in 1959-1962 [14] . Areas of famine were divided into severely (Anhui Province) and moderately (Shanghai) affected areas according to the excess death rates during the famine. To examine the relationship between the severity of famine exposure and the prevalence of diabetes in adulthood, a logistic regression analysis (backward stepwise) was used. The moderately affected famine group was the reference. Model 1 was adjusted for age and sex. Model 2 was further adjusted for current smoking and education level (low/high, socioeconomic status proxy). Model 3 was adjusted for the variables in model 2 and waist circumference (continuous variable). The results were expressed as OR (95% CI). The interaction between the stage of life at which exposure to famine occurred and the severity of famine in the location of exposure was tested by using a multiplicative factor in the logistic regression model.
Definition of diabetes
To increase the study power for comparing exposure groups, we also evaluated HbA 1c and FPG in individuals residing in the severely affected areas born during and before or after the famine and compared these differences with the corresponding differences for individuals residing in the moderately affected areas. This comparison produced the differencein-differences (DID) models [15] . Ordinary least-squares regressions were used, and the model was adjusted for age, sex, current smoking status, education level and waist circumference.
Finally, a sensitivity analysis was performed using finer age categories. The childhood-exposed group was split into early (born 1954-1958) and late (born 1949-1953) exposure groups. We excluded the group exposed in young adulthood and included only the group exposed in adolescence, born between 1963 and 1974, to narrow the age range. For the unexposed group, individuals aged 40-52 years at the time 
Results
Characteristics of the exposed and unexposed participants in the severely and moderately affected famine areas The characteristics of the exposed and unexposed participants in the severely and moderately affected famine areas are summarised in Table 1 . Compared with the participants in the moderately affected area, the fetal-and childhoodexposed participants in the severely affected area were 1 year older, due to our survey time, and they had a significantly higher education level and a higher HbA 1c (p < 0.05). The fetal-exposed participants also had a 2.6 cm greater waist circumference (p < 0.05). However, we found that the unexposed participants were not significantly different from the famineexposed participants in this regard.
Prevalence of diabetes and life stage during famine exposure The prevalence of diabetes in the unexposed group and groups exposed to famine during the fetal stage, childhood and adolescence/adulthood was 9.8%, 22.6%, 26.0% and 24.5%, respectively, in the severely affected area and 5.7%, 11.2%, 19.0% and 18.6%, respectively, in the moderately affected area (Fig. 2) . Compared with the participants in the moderately affected area, the fetal-and childhood-exposed participants in the severely affected area had a significantly higher prevalence of diabetes (both p < 0.05, adjusted for age, sex, current smoking status, education level and waist circumference). However, the unexposed participants in the severely and moderately affected areas had a comparable prevalence of diabetes. Information of the number of cases of diabetes and sample size, collected at 2 year intervals, is shown in electronic supplementary material (ESM) Table 1 .
DID estimates of the effect of severe famine exposure on HbA 1c and FPG in adulthood Tables 2 and 3 present DID estimates for HbA 1c and FPG in all of the participants and in participants not taking glucose-lowering drugs. The individuals exposed to famine during the fetal stage, childhood and adolescence/adulthood living in a severely affected area had a 0.31%, 0.20% and 0.27% higher HbA 1c , respectively, (all p < 0.01), compared with the unexposed individuals. Similarly, in participants not taking glucose-lowering drugs, the fetal-, childhood-and adolescence/adult-exposed individuals living in a severely affected area had a 0.22%, 0.15% and 0.34% higher HbA 1c , respectively (all p < 0.01). However, the association between FPG and living in a severely affected area was not significant in any of the participants whether or not they were taking glucose-lowering drugs. . A significant interaction between famine exposure and the areas was found only for the groups exposed during the fetal stage and childhood (p < 0.05).
In sensitivity analyses using finer age categories (ESM Table 2 ), individuals exposed to famine during the fetal stage (OR 2.10, 95% CI 1.21, 3.63) and late childhood (OR 1.76, 95% CI 1.14, 2.72) in a severely affected area still had significantly greater prevalence estimates in the final model. In the unexposed participants, the risk of developing diabetes was not significantly different for the severely and moderately affected areas.
Discussion
We found that exposure to severe famine vs moderately severe famine during the fetal stage increased the odds of developing diabetes as an adult by 1.6-fold (1.90/1.22), whereas exposure during childhood increased the odds by 1.2-fold (1.44/1.22). Using DID models, we also found that prenatal or postnatal exposure to more severe famine increased HbA 1c by 0.20-0.31 when the individuals were aged 50 years or older. Combined with the results of our previous study [5] , these results indicate that both prenatal and postnatal life stages may be important time windows for determining the future risk of diabetes.
Our previous study evaluated participants from three areas with comparable and moderate famine severity in China to analyse whether exposure to famine early in life was associated with diabetes later in life [5] . We found that, compared with unexposed participants, famine exposure during the fetal period (OR 1.53, 95% CI 1.09, 2.14) and childhood period (OR 1.82, 95% CI 1.21, 2.73) was associated with diabetes [5] . However, a limitation of that study was the lack of quality data for the famine and non-famine exposure groups. In the present study, we added three sites from Anhui Province, one with the most severe famine exposure, allowing us to address the association between the severity of famine exposure early in life and the prevalence of adult diabetes. We further compared the unexposed participants in the severely and moderately affected areas and found that they had comparable diabetes risks, which reinforces our conclusions regarding the effect of famine on diabetes risk.
Lumey et al reported that prenatal exposure to extreme famine in eastern Ukraine in 1934 increased the odds of developing type 2 diabetes in adulthood by 1.5-fold [4] . Another study found that postnatal exposure to severe famine in a Dutch population increased diabetes risk in women by 1.5-fold [8] . In this study, we were able to compare the effects of both prenatal and postnatal exposure to different levels of famine severity on the risk of developing diabetes in the same population. Our findings are in accordance with those of the two studies mentioned above and with the results of our previous study [5] . These findings suggest not only is the fetal stage a particularly vulnerable period for malnutrition reprogramming but also that childhood (0-9 years old) is a vulnerable period. This study supports the developmental origins of health and disease hypothesis [16, 17] and indicates that the adverse effects of famine exposure may extend beyond the 'first 1000 days' [8, 18] . Regarding potential mechanisms underlying this association, we are increasingly aware that epigenetic changes have important relevance. A study that evaluated whole blood from Dutch participants who had been exposed to famine during the prenatal period reported that regions of differential methylation extended along pathways related to growth and metabolism [19] . Epigenetic plasticity may also extend into the postnatal life stage, leading to the proposition of 'metabolic imprinting' as the biological phenomenon that underlies the associations between nutritional events early in life and metabolic diseases later in life [20, 21] . However, the epigenetic studies of childhood exposure to energy restriction are limited and findings need to be confirmed. Furthermore, bioinformatics studies indicate that perinatal malnutrition could permanently alter the expression of gene clusters that regulate insulin signalling and nutrient sensing, and this could affect the detection and use of lipid nutrients as fuel [22] . Additionally, adult offspring from mothers who underwent protein restriction experienced age-related impairment of glucose tolerance and a loss of insulin sensitivity in adipose tissue as well as an increase in proinflammatory markers [23] [24] [25] . A better understanding of this association requires additional studies.
In logistic analyses, we adjusted for age and sex in the base model. Low educational level (socioeconomic status proxy) and smoking status may be important risk factors for diabetes [8, 26] . However, the adjustment for such risk factors yielded very slight or almost no change in risk estimates. Previous studies suggested that waist circumference was an important covariate linking famine exposure early in life to the development of type 2 diabetes later in life [8] . In our study, we also found that adjusting for waist circumference attenuated the risk estimates in participants exposed to famine during the fetal stage and adolescence/adulthood. Moreover, in the participants exposed to famine during adolescence/adulthood, the association weakened such that it was no longer significant. Because abdominal obesity could be induced by malnutrition early in life [27] and could also cause diabetes [28] , waist circumference accounted for the majority of the association between famine severity and diabetes risk in participants exposed to famine during adolescence/adulthood but only partially explained the association in participants exposed during the fetal period. An unexpected finding was that participants in the severe famine area appeared to have attained a higher level of education than those in the moderate famine area. In our study, a portion of participants in the severe famine area attended functional communities such as schools, which may have increased the proportion of individuals attaining a high education level. This observation indicates that severe famine exposure does not necessarily lead to low socioeconomic status [15] . After excluding individuals reaching a high level of education (a relatively small sample) from our data, our findings were not significantly changed (ESM Table 3 ).
Our study has some strengths, including a strong quality control due to the inclusion of areas with different levels of famine severity and the adjustment for important covariates. Anthropometric measurements and questionnaires were all completed by individuals in the same trained research group, thus providing strong quality control. This study also added value to previous studies. The association between famine and diabetes was not fully addressed in previous studies because of the inclusion of only women, the limited evaluation of either prenatal or postnatal exposure or the inclusion of regions without different famine severities. To help tackle these problems, we evaluated participants exposed to China's Great Famine of 1959-1962. These data included both sexes, prenatal and postnatal famine exposure and different levels of famine severity. We also performed interaction analyses and used DID models and finer age categorisation to consolidate our findings. Thus, our study provides objective and possibly unique evidence to support the notion of an association between diabetes and prenatal or postnatal exposure to famine in areas with different levels of famine severity.
There are also some limitations to this study. We did not include other possible confounders such as birthweight or the avoidance of famine exposure because of social status. However, before China's reform, the Chinese government pursued an egalitarian policy and the standard of living was low. Any greater access to food was probably limited to a very small portion of the population so this might not significantly affect the results of this large study. Finally, we were unable to include a group that was not affected by the famine for comparison. However, because China's Great Famine affected all of the areas in China [29] , identifying a location where people did not suffer from famine may not be feasible.
Migrations could be another potential problem. We enrolled residents who had lived in their current residence for 6 months or longer. It is assumed that they were born in the local area and did not move from other areas. This assumption might lead to biased estimates of famine effects. However, although population mobility is increasing with economic development in China, acquisition of permanent residency has strict requirements and must be approved by the Chinese government. According to a national investigation, approximately 97% of the rural population still lived in the place in which they were born [7] . Moreover, the exposed participants in our study are close to retirement age, so they are less likely to be mobile than younger individuals. Therefore, the small proportion of migration that occurred may not have affect the overall results.
In conclusion, we noted that exposure to severe famine during the fetal period and childhood was significantly associated with increased HbA 1c and higher diabetes prevalence in adulthood. Combined with the results of our previous study [5] , these results from China indicate that the prenatal and postnatal life stages may provide a critical timing window for determining the risk of diabetes, at least in part.
